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CONTRACT  DESCRIPTION 

The  purpose  of  the  research  program  is  to  investigate  energy  exchange 
and  energy  loss  mechanisms  in  discharge  plasmas  and  their  afterglows. 
Specific  mechanisms  which  have  been  investigated  in  our  laboratory  include: 
(a)  metastable  interactions,  such  as  dissociative  excitation  and  Penning 
ionization,  (b)  collisional  broadening  and  level  shifts  in  excited  states 
produced  by  the  presence  of  a  buffer  gas  and/or  electrons,  and  (c)  electron 
loss  mechanisms  due  to  volume  recombination. 
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I.  INTRODUCTION 

This  research  program  deals  with  the  kinetic  and  radiative  processes 
occurring  in  a  dense  mixture  of  alkali  vapor  and  a  noble  gas  buffer  which 
has  been  excited  by  short,  powerful  laser  pulses. 

A  variety  of  devices,  including  atmospheric  pressure  lasers,  high 
current/low  inductance  switches,  high  efficiency  lamps,  and  inertial 
confinement  fusion  targets  utilize  similar,  excited  atomic  vapors 
at  high  pressures.  With  the  current  interest  in  these  devices,  the 
role  of  collisional  and  radiative  processes  involving  highly  excited 
(Rydberg)  states  has  taken  on  a  new  importance.  A  common  feature 
of  all  these  devices  is  that  energy  is  deposited  into  the  system  in  the 
form  of  large  densities  of  ion/electrons,  metastable  species,  and  various 
excited  neutrals.  This  energy  is  then  transferred  to  some  desired  channel; 
e.g. ,  a  lasing  transition,  electron  production,  electron  heating,  etc.  The 
efficiency  of  this  energy  transfer  and,  indeed,  the  efficiency  of  the 
initial  excitation  process,  depend  on  the  specific  collisional  and  radia¬ 
tive  processes  occurring  in  the  mixture.  For  instance,  radiation  loss 
depends  strongly  on  the  degree  of  radiation  trapping,  which  in  turn,  depends 
on  the  collisional  linewidths  and  shifts  of  the  transitions  involved. 

The  general  experimental  approach  of  this  work  consists  of  exciting 
the  mixture  in  a  time  short  compared  to  the  time  in  which  the  system 
relaxes.  The  behavior  of  a  freely  relaxing  system  may  then  be  related  to 
the  fundamental  processes  occurring  in  the  system.  This  is  the  rationale 
behind  our  earlier  conventional  afterglow  experiments  which  have  yielded  a 
great  deal  of  information  regarding  the  behavior  of  gaseous  discharges  at 
lower  pressures^. 


The  present  work  differs  from  conventional  afterglow  experiments 
in  that  the  latter  use  some  form  of  microwave  or  radio  frequency  break¬ 
down  as  the  source  of  excitation,  whereas  this  work  uses  optical  frequency 
(laser)  excitation.  The  absorption  of  optical  energy  from  high  power  laser 
pulses  may  be  well  characterized,  and  therefore  the  initial  conditions  of 
the  excited  vapor  are  well  known.  In  contrast,  microwave  and  radio  fre¬ 
quency  breakdown  are  typically  stochastic  and  the  initial  conditions  of 
the  excited  system  varies  substantially  from  pulse  to  pulse.  Furthermore, 
microwave  and  radio  frequency  breakdown  is  difficult  to  achieve  at  the 
high  pressures  with  which  this  study  is  concerned. 
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II.  PROGRESS  REPORT 

Kinetic  processes  in  Na  +  R.G.  mixtures  have  been  examined  for  rare 

gas  densities  between  400  and  2000  Torr  and  Na  densities  up  to  1  Torr. 

15  -3 

Electron/ion  densities  up  to  10  cm  are  obtained  under  typical  experi¬ 
mental  conditions. 

We  have  measured  associative  excitation  rates  for  Na(3p)  +  Na(3p)  -*■ 
Na(4,5,6d  n  6s)  +  Na(3s)  collisions,  spectral  line  shifts  due  to  buffer 
gas  collisions  and  stark  shifts  due  to  electron  collisions,  and  electron 
densities  and  electron  temperatures  in  the  afterglow  of  high  power  laser 
pulses. 

A.  EXCITATION  TRANSFER  COLLISIONS  AND  ELECTRON  SEEDING  PROCESSES 
IN  A  RESONANTLY  EXCITED  SODIUM  VAPOR 

A  number  of  interesting  effects  occur  when  a  dense  sodium  vapor  is 

excited  by  laser  radiation  tuned  to  one  of  the  D  lines.  In  particular, 

(1)  complete  ionization  has  been  observed  when  high  power,  pulse  lasers 
o 

are  employed  and  (2)  surprisingly  high  densities  of  atoms  are  observed 
in  the  nd  (n=3,4,5)  and  ns  (n=5,6)  levels  when  a  CW  laser  is  employed  . 

Theoretical  calculations^  indicate  that  the  ionization  present  in  the 
first  case  is  due  to  electron  heating  via  superelastic  collisions  followed 
by  electron  impact  ionization.  A  small  initial  number  of  electrons  (seed 
electrons)  is  supplied  by  several,  comparatively  weak  mechanisms  including 
associative  ionization  and  two  photon  ionization  of  the  3p  state  atoms. 

The  mechanisms  responsible  for  the  observations  in  the  second  case 
are,  perhaps,  less  well  understood.  Allegrini,  et  al.  attributed  the 

3 

excited  atom  densities  to  collisions  involving  two  3p  atoms  : 

Na  (3p)  +  Na  (3p )  +  Na  (3s)  +  Na  (n£)  ±  K.E. 
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While  such  an  excitation  transfer  mechanism  explains  an  apparent  dependence 
of  the  Na  (nf)  density  on  the  square  of  the  3p  density,  there  was  some 
doubt  whether  the  cross-section  for  this  process  is  large  enough  to 
account  for  the  Na  (n L)  densities  observed.  Bearman  and  Levanthal^,  in 
an  experiment  similar  to  that  of  Allegri ni,  et  al.  did  not  observe  exci¬ 
tation  of  levels  lying  more  than  ^  3  KT  above  the  energy  of  two  Na  (3p)  atoms. 

The  interplay  of  excitation  transfer  collisions  and  electron  seeding 
processes  is  possible  with  both  CW  excitation  and  excitation  with  pulsed 
lasers.  In  the  experiment  described  here  we  were  able  to  separate  the 
excitation  transfer  effects  from  the  effects  of  the  electron  impact 
excitation  and  ionization  by  observing  the  time  dependent  fluorescence 

decay  from  various  excited  states  under  two  sets  of  initial  conditions: 

7  -3 

(1)  one  in  which  the  seed  electron  density  was  less  than  10  cm  and 

12  -3 

(2)  one  in  which  the  seed  electron  density  was  £  10  cm  .  In  both 

15  -3 

cases  the  initial  density  of  3p  atoms  was  about  10  cm  .  From  differ¬ 
ences  in  the  behavior  of  the  excited  state  populations  under  these  two 
conditions  we  were  able  to  distinguish  between  processes  involving 
electron  collisions  and  those  which  do  not.  In  order  to  observe  these 
effects  on  a  time  resolved  basis,  we  used  short  (4  ns)  laser  pulses  to 
excite  the  3p  states  and  create  the  initial  electron  density.  The 
experimental  arrangement  is  shown  in  Fig.  1.  Kopystynska  and  Kowalczyk^ 
had  earlier  used  short  laser  pulses  to  excite  the  D  lines  and  observe 
subsequent  radiative  emission  from  excited  nd  and  ns  states;  however, 
they  made  no  attempt  to  independently  vary  the  seed  electron  concentration 
by  using  a  second  ionizing  laser  pulse  as  is  described  in  this  experiment. 


Figure  2  shows  the  fluorescence  of  the  5d  -+  3p  transition  versus  time 

when  both  lasers  are  employed.  The  optical  emission  from  the  cell  consists 

of  two  components:  a  strong  initial  fluorescence  pulse  of  approximately 

100  ns  duration  followed  by  the  rise  and  slow  decay  of  fluorescence  due  to 

excited  states  created  in  the  3-body,  electron  stabilized  recombination 

process  which  extended  beyond  20  ysec.  Figure  3  is  a  wavelength  scan  of 

the  recombination  fluorescence  2  ys  after  the  lasers  have  fired.  The 

detecting  apparatus  was  calibrated  against  the  emission  of  a  standard 

quartz-iodine  lamp  to  permit  absolute  measurements  of  the  excited  state 

densities.  A  Saha-Boltzmann  plot  of  the  absolute  excited  state  densities 

for  levels  above  the  7d  state  yields  an  electron  density  of  1  x  10  4  cm"J 

2  2 

at  2  ysec  after  the  lasers  are  fired.  Stark  shifts  of  the  6  D  -*•  3  P  and 
2  2 

7  D  -  3  P  due  to  the  electrons  were  also  measured.  It  was  necessary  in  a 
separate  experiment  to  determine  the  shift  due  to  the  argon  buffer  gas^ 
and  subtract  the  two  shifts  to  obtain  the  shift  due  to  electron  collisions. 
The  results  agreed  well  with  Griem's  predictions  for  Ne  3  1014  cm  3.®  For 
reasons  detailed  below,  the  electron  density  imm?diately  after  the  lasers 
have  fired  is  considerably  smaller  than  it  is  2  ysec  later. 

With  the  ionizing  (406  nm)  laser  off,  the  recombination  fluorescence 
disappeared,  indicating  an  absence  of  strong  ionization.  The  early  fluo¬ 
rescence  pulse  generally  remained  albeit  altered  in  magnitude  and  shape. 
Less  than  one  percent  of  the  ionizing  laser  pulse  at  406  nm  is  absorbed. 

Figure  4  shows  the  level  of  the  3p  -*■  3s  resonance  fluorescence  with 
and  without  the  ionizing  laser  pulse.  It  may  be  seen  in  Fig.  4,  and  is 
apparent  in  traces  from  the  fast  oscilloscope,  that  the  3p  population  is 
not  significantly  changed  by  the  ionizing  laser  in  the  first  30  ns  after 
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the  lasers  have  fired.  At  later  times,  however,  the  3p  population  is 

depleted  about  16%  by  the  presence  of  the  ionizing  laser  pulses,  which 

are  virtually  synchronous  with  the  resonant  laser  pulses.  Thus,  we  believe 

that  the  ionization  is  enhanced  by  the  electron  seeding  process  suggested 

by  Measures,  with  direct  photoionization  by  the  ionizing  laser  providing 

the  seed  electrons.  In  this  model,  the  energy  of  any  free  (seed)  electrons 

is  rapidly  increased  by  superelastic  collisions  with  the  large  density  of 

excited  3p  atoms.  Subsequently,  ionization  proceeds  via  electron  impact 

excitation  and  ionization  of  the  excited  atoms.  The  number  of  seed  elec- 

1 2  -3 

trons  provided  by  the  ionizing  laser  is  10  cm  since  the  photoionization 
cross  section  is  large  near  threshold. 

The  589  nm  and  406  nm  lasers  can  excite  high  vibrational  levels  of 
the  A  ^z  and  B  ^  states  of  the  dimer,  respectively.  Some  weak  dimer 
emission  was  seen  in  the  early  fluorescence.  The  recombination  fluores¬ 
cence  and  early  atomic  fluorescence  disappeared  when  the  resonant  laser 
was  detuned  by  a  few  angstroms,  indicating  a  dependence  of  these  signals 
on  the  presence  of  large  concentrations  of  Na  (3p)  atoms.  Thus  dimer 
absorption  does  not  play  a  role  in  the  excitation  and  ionization  processes 
in  this  experiment. 

Figure  4  shows  the  strong  initial  fluorescence  pulse  for  several 
transitions  both  with  and  without  the  ionizing  laser.  Without  the 
ionizing  laser,  the  rise  of  the  fluorescence  pulse  is  rapid  for  the 
4d  -*■  3p  fluorescence  and  considerably  slower  for  the  5d  3p  and  6d  -+  3p 
transitions.  With  the  ionizing  laser  on,  the  4d  population  declines  by 
about  25%.  The  5d  and  6d  populations  exhibit  a  more  rapid  rise  and 
decay,  than  they  do  with  the  ionizing  laser  off.  We  measured  the 
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population  densities  corresponding  to  each  level  based  on  the  calibration 
of  our  detection  system  as  previously  mentioned. 

With  the  ionizing  laser  on,  the  electron  density  is  several  orders 

of  magnitude  greater  than  when  it  is  off.  The  electron  temperature  is 

not  altered  greatly,  however,  because  the  electron  temperature  is  con- 

4 

trolled  by  the  3p  population  which  is  not  greatly  changed.  If  the 
production  of  atoms  in  the  ns  and  nd  states  were  due  to  electron  impact 
excitation,  the  fluorescence  from  these  levels  would  increase  dramatically 
when  the  ionizing  laser  is  on.  This  does  not  occur  and  therefore  electron 
collisions  are  not  the  source  of  the  nd  and  ns  populations  in  this 
experiment. 

Traces  from  the  fast  oscilloscope  indicate  that  the  rise  of  the  4d 
population  occurs  about  10  ns  after  the  laser  pulse  has  passed  and  does 
not  peak  until  about  30  ns  after  the  3p  population  has  peaked.  Since 
the  laser  pulses  are  only  4  ns  in  duration  (FWHM) ,  any  radiative  ab¬ 
sorption  process  involving  the  laser  pulses  cannot  be  responsible  for 
the  4d  population.  We  considered  and  excluded  the  possibility  that 
trapped  resonance  radiation  might  be  absorbed  in  the  far  wings  of  the 
3p  -*■  4d  and  3p  5s  transitions.  Since  the  photon  energy  density  of  the 
trapped  radiation  is  several  orders  of  magnitude  smaller  than  that  of 
the  laser,  this  explanation  does  not  fit  the  observed  time  dependence. 

The  excitation  transfer  process  originally  proposed  by  Allegrini 
et  al .■*, 

Na(3p)  +  Na(3p)  -  Na(nf)  +  Na(3s)  i  K.E.  (1) 

appears  to  be  the  primary  source  of  the  4d,  5d,  6d  and  6s  population  in  the 
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early  afterglow.  We  thus  write. 


N3p(t)  =  N3p(0)  exp  (-tAV 


(2) 


where  i*3p  is  the  trapped  lifetime  of  the  3p  state,  and 


dN"<(t)-  V*  rN  nm* 

[N3p(5,] 


dt 


(3) 


where  is  the  effective  lifetime  of  the  n t  state  and  is  the  rate 
constant  for  the  production  of  the  N  ^  atoms  by  the  excitation  transfer 
process  of  (1).  Equation  (3)  is  easily  solved  to  yield 


Nn£^  ~  kn£  tN3p(°^2  T*3p  Tnf  ^T*3p  '  2ln t} 


X  [exp  (-2t/-*3p)  -  exp  (-t/xn£)]  (4) 

C. 

Kopystynska  and  Kowalczyk  showed  that  equation  (4)  fits  the  time 
dependence  of  their  experimental  data  quite  well.  We  also  found  that 
equation  (4)  fits  our  data  as  shown  in  Fig.  5  although  the  effective 
decay  rates  are  shorter  than  the  natural  radiative  lifetimes.  This  is 
not  surprising  considering  the  bi -exponential  form  of  the  decay  from 

Q 

these  excited  levels  at  our  high  buffer  pressures  . 

If  this  interpretation  is  correct,  we  can  obtain  estimates  of  Kn^ 

by  fitting  equation  (4)  to  the  experimental  curves.  A  fit  to  the  4d  -  3p 

-12  -7 

observations  is  shown  in  Fig.  5.  From  this  we  obtain  =  1  x  10  cm 
sec-^  and  =  39  nsec.  Extending  this  analysis  to  the  other  states,  we 
obtain  the  data  in  Table  (1).  The  absolute  uncertainty  of  the 
measurements  is  about  an  order  of  magnitude,  due  principally  to  uncertainty 
in  the  3p  population.  The  relative  accuracy  of  these  data  should  be 
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quite  good  since  there  is  little  uncertainty  in  the  relative  populations 
in  the  nd  and  ns  states. 

Kowalczyk11  has  modeled  the  excitation  transfer  collision  of  two 

Na  (3p)  atoms  using  adiabatic  molecular  potentials.  In  this  model,  the 

cross-section  for  excitation  transfer  depends  strongly  on  the  electric 

dipole  matrix  elements  connecting  the  Na  (3p)  level  to  the  highly  excited 

Na  (nf)  level.  Since  for  excitation  to  a  Na  (np)  level,  this  matrix 

element  is  zero,  corresponding  to  a  dipole-forbidden  transition,  we 

expect  that  the  rate  constants  for  4p  and  5p  formation  measured  by 

Kushawaha  and  Levanthal1®  to  be  significantly  smaller  than  the  4d,  5d, 

6d,  and  6s  rate  constants  reported  here.  The  calculated  cross  section 

for  excitation  transfer  to  the  4d  state  is  6.1  x  10”16  cm2  at  T  =  650°K^. 

-11  3  -1 

This  corresponds  to  a  rate  constant  of  5  x  10  cm  sec  which  is  to  be 

-12  3  -1 

compared  with  the  value  of  1  x  10  cm  sec  obtained  in  this  experiment. 
The  results  are  summarized  in  Table  1. 

We  note  that  the  rate  constants  reported  in  Table  1  decrease  dra¬ 
matically  as  the  energy  defect  increases  from  1.2  KT  to  8.7  KT.  The 
reduction  in  the  rate  constant  follows  approximately  the  reduction 
in  the  fraction  of  atoms  in  a  Boltzmann  distribution  which  have  kinetic 
energies  greater  than  the  energy  defect.  This  behavior  is  consistent 
with  the  theoretical  model  of  Kowalczyk. 

We  note  that  the  nd  levels  are  strongly  coupled  to  higher  angular 

g 

momentun  levels  by  mixing  collisions  with  the  buffer  gas  .  As  a  result, 

2 

the  degeneracy  of  these  levels  is  effectively  2N  -  8.  The  net  popu¬ 
lation  in  all  these  excited  levels  represents  a  significant  pool  of  target 
atoms  for  electron  impact  ionization.  Perhaps  the  electron  seeding 


models  should  incorporate  excitation  transfer  mechanisms  as  more  rate 
constant  data  becomes  available. 


B.  ELECTRON  DENSITY  MEASUREMENTS  IN  A  LASER  INDUCED  Na  PLASMA 

A  variety  of  techniques  exist  for  the  determination  of  the  electron 

density  in  a  decaying  plasma;  however,  spectral  measurements  have  the 

advantage  that  non-contact  observations  can  be  made  and  small  volumes 

sampled  within  small  time  intervals. 

We  have  observed  spectral  line  shifts  and  broadening  due  to  electron 

collisions  in  a  recombining  Na  plasma.  From  measurements  of  the  spectral 

line  shifts,  the  electron  density  is  calculated.  The  electron  density 

thus  obtained  is  compared  with  measurements  inferred  from  Saha-Boltzmann 

plots  of  the  excited  Na  states  in  local  thermodynamic  equilibrium  with 

the  electrons.  These  electron  density  measurements  are  also  compared 

with  charge  removed  from  the  plasma  by  an  applied  electric  field.  The 

plasma  for  the  experiment  described  here  consists  of  a  line  charge  of 

1 5  -3 

approximately  0.5  mm  diameter  with  electron  densities  up  to  10  cm 

in  a  cell  containing  Na  1  Torr)  and  Argon  (400  Torr). 

The  sodiun  atoms  are  ionized  in  a  2  photon,  resonant  absorption 

process  via  the  3p  state.  The  laser  intensities  and  pulse  widths 

(50  ujoules,  4  nsec)  do  not  produce  more  than  a  relatively  small  number 
12 

(%  10  cm  )  of  "seed"  electrons  via  the  photoionization  process. 
However,  collisional  mechanisms  involving  densely  populated  excited 
states  and  the  seed  electrons  can  lead  to  nearly  complete  ionization 
of  the  Na  vapor. 

The  fluorescence  appearing  2  us  after  the  laser  pulses  is  due  to 
the  recombination  process.  With  the  Boxcar  Integrator  set  to  a  delay 
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1 

1 

TABLE  I.  Values  of  and  magnitudes  of  the  energy  defects. 


Level 

kn t  (cm3  s‘]) 

(Eni  -  2E; 

4d(a) (b) (c) (d) 

1  x  10‘12 

1.2 

4d<b> 

5  x  10'11 

1.2 

5d(a> 

5.2  x  10'14 

6.1 

6d(a> 

8.6  x  10‘15 

8.7 

6s(a> 

7.6  x  10‘15 

4.8 

4p<c> 

6.1  x  10'16 

-10.8 

spW> 

7  x  10'18 

3.1 

(a)  This  work,  T  =  397°C. 

(b)  Calculated  from  Ref. 11,  T  *  377°C. 

(c)  Taken  from  Ref. 10,  T  =  214°C. 

(d)  Taken  from  Ref. 10,  T  =  243°C. 
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of  2  ys  and  0.5  ps  aperture  a  monochromator  scan  of  the  emission  produces 
the  spectrum  shown  in  Fig.  3.  The  monochromator  detection  system  is 
calibrated  against  an  absolute  standard  lamp;  thus  absolute  intensity 
measurements  of  the  transitions  along  with  radiative  decay  rates  yield 
absolute  excited  state  densities. 

The  recombination  spectrum  shown  in  Fig.  3  is  obtained  by  scanning 
the  monochromator  through  the  respective  transitions  with  the  synchronous 
photon  counter  set  for  a  delay  of  2  ysec  after  the  laser  pulses  and  with 
an  aperture  of  1.0  ysec.  The  emission  lines  are  thus  shifted  (and  broadened) 
both  by  collisions  with  elections  and  the  400  Torr  argon  buffer.  Figure  6 
is  a  high-resolution  monochromator  scan  of  the  6d-3p  transition  under 
these  conditions. 

In  Fig.  7  the  line  shifts  for  the  3p-5d,  6d,  and  7d  transitions  are 
shown.  The  upper  curve  indicates  line  shifts  associated  with  both  buffer 
gas  and  electron  collisions.  The  lower  curve  reflects  shifts  due  to  the 
buffer  gas  alone  (next  section).  The  difference  in  the  shifts  between 
the  two  curves  is  then  due  to  the  difference  in  the  electron  density  under 
the  two  conditions.  The  results  are  summarized  in  Table  II. 

Line  shifts  in  Na  due  to  collisions  with  electrons  have  been  computed 

o 

theoretically  by  Griem  .  In  Fig.  8  the  results  obtained  by  Griem  are 

14  -3 

extrapolated  to  900°K  and  an  electron  density  of  6.8  x  10  cm  and 
shown  as  circles.  A  solid  line  connects  the  computed  shifts  to  aid  the 
eye.  The  square  points  are  the  experimental  shifts  we  measure  by  the 
technique  outlined  in  the  preceding  sections.  A  dotted  line  connects  the 
experimental  points.  The  900°K  electron  temperature  was  derived  from  our 
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Table  II 


Electron  Density  (cm  ) 
3.4  x  1014 

4.1  x  1014 

7.1  x  1014 
7.0  x  1014 
3.0  x  1014 


Method 

Saha-Boltzman  Plot 
Stark  Shift  (5d  -*•  3p) 
Stark  Shift  (6d  -*•  3p) 
Stark  Shift  (7d  3p) 

Charge  Extraction 


Saha  plots.  The  6.8  x  10 R  cm-'5  yields  the  best  fit  of  the  theoretical 
data  of  Griem  to  our  experimental  results. 

C.  PRESSURE  SHIFTS:  THREE  PHOTON  ABSORPTION  PROCESSES 

The  optical  emission  from  the  ionized  volume  at  times  greater  than 
0.5  ps  after  the  laser  pulse  can  be  described  in  terms  of  collisional- 
radiative  recombination  processes.  If  one  integrates  this  emission 
signal  over  all  times  and  over  all  wavelengths,  the  number  of  photons 
collected  is  proportional  to  the  total  number  of  ion-electrons  formed 
in  the  excitation-ionization  process. 

If  the  second  (blue)  laser  is  tuned  through  a  3p-nd  (ns)  transition, 
the  number  of  "seed"  electrons  produced  is  proportional  to  the  transition 
moment,  the  laser  intensity,  and  the  photoionization  cross  section  of  the 
nd  (ns)  state.  The  "seed"  electron  density  in  turn  determines  the  ultimate 
ion/electron  density.  If  we  observe  the  integrated  emission  from  the  inter¬ 
action  zone  and  scan  the  frequency  of  the  second  laser,  we  obtain  the  spectrum 
shown  in  Fig.  9.  Since  the  excitation  of  the  nd  (ns)  excited  state  takes 
place  only  during  the  4  ns  laser  pulse,  well  before  the  ion/electron  density 
reaches  its  peak,  the  shift  of  the  spectral  lines  as  observed  while  tuning 
the  blue  laser  through  a  transition  is  due  only  to  the  presence  of  the  buffer 
gas .  A  higher  resolution  tracing  as  the  laser  is  scanned  through  the  3p-8d 
transition  at  439  nm  is  shown  in  Fig.  10.  The  ion  yield  is  recorded  simul¬ 
taneously  in  a  cell  with  no  buffer  gas  and  a  cell  with  400  Torr  of  Argon 
buffer.  Two  components  appear  in  the  high  pressure  scan  representing  the 
3P^2  an<*  ^3/2  ^eve^s  which  are  collisionally  mixed  at  the  high  buffer 
gas  pressures.  The  shift  in  the  emission  lines  due  to  the  Ar  buffer  at 
400  Torr  is  then  simply  determined.  The  spectral  line  shifts  for  the 
3p-nd  transitions  through  n=18  are  shown  in  Fig.  11. 
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Figure  1.  Schematic  of  the  Apparatus. 

Figure  2.  Fluorescence  intensity  versus  time  after  laser  excitation  for 
the  5d  -*•  3p  transition  with  both  lasers  employed.  The  early 
fluorescence  peak,  which  is  off-scale,  is  approximately  20 
times  more  intense  than  the  peak  of  the  recombination  fluores¬ 
cence  at  t  -  2  us. 

Figure  3.  Recombination  fluorescence  at  t  =  2  ps  versus  wavelength.  Scan 
resolution  is  .8  nm  (FWHM). 

Figure  4.  Early  fluorescence  intensity  for  various  transitions  versus  time. 
Resonance  fluorescence  for  the  3p  -  3s  transition  is  not  cali¬ 
brated  relative  to  that  of  the  nd  3p  transitions.  Otherwise 
the  relative  intensities  are  as  indicated.  Lighter  traces  were 
taken  with  both  lasers  employed.  Dark  traces  were  taken  with 
only  the  laser  tuned  to  589  nm  employed. 

Figure  5.  Fluorescence  intensity  of  the  4d  -*■  3p  transition  versus  time. 

The  solid  curve  is  experimentally  derived.  The  dashed  curve 
was  calculated  using  equation  (4). 

Figure  6.  Simultaneous  high  resolution  scan  of  plasma  emission  and  lamp 
emission. 

Figure  7.  Shift  versus  principal  quantum  number  for  32P3/2  -*•  n2D  transitions 
as  determined  from  scans  of  the  plasma  emission  (+)  and  absorption 
measurements  (a)  with  .43  Amagats  of  argon  buffer. 

Figure  8.  Stark  Shift  versus  principal  quantum  number  calculated  by  Griem 
for  Te  =  10,000°K,  ne  =  6.8  x  1014  cm’3  (+),  Te  =  900°K,  ne  = 

6.8  x  1014  cm-3  (  );  and  experimental  points  (  ). 

Figure  9.  Scan  of  ion  yield  versus  the  wavelength  of  the  second,  ionizing 

laser.  The  ionization  limit  corresponds  to  a  wavelength  of  408  nm. 

Figure  10.  Ion  yield  versus  laser  wavelength  for  the  3p  ->  8d  transitions  from 
a  scan  taken  simultaneously  in  a  cell  with  400  torr  of  argon  buffer 
and  a  cell  with  no  buffer  gas.  Two  components  are  present  in  the 
high  pressure  cell  due  to  collisional  mixing  of  the  32P3/2  1/2  levels 

Figure  11.  Spectral  line  shifts  as  a  function  of  principal  quantum  number 
3p  -  nd.  Argon-Na  at  400  Torr. 
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